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LlMISTED,pI;ywOOD-CCVEREDHELICOl?I'ERRoTOR 

By F. B. Gust&son and Alfred Cessow 

Flight-performance measurements were made of a conventional singl+ 
rotor helicopter equipped with a test rotor havkog plywood-covered blades 
with -8O twist .(designated the "alternate" rotor). Data were obtained 
in the hovering, vertical autorotativedescent, level4light, climb, and 
autorotative-glide conditions. The reStitS Of these tests are presented 
together with a oomparison of the results with theoretical results and 
with results of measurements made on the original production rotor. 

. Both the hovering and the forward-flight performance of the alter- 
nate rotor were found to be within a few percent of the values predicted 
by theoretical treatments already published by the Rational Advisory 
Cdttee for Aeronautics without any increase in the profile-drag char- 
acteristics originally assumed in the theory, provided that blade- 
section stelling was not present. 

The alternate rotor, as compared with the original rotor, showed 
large improvements in performence in allfli&t conditions for which a 
comparison was obtained, that is, hovering, level flight, and autoro- 
tative glides. These improvements included en increase of more than 
300 pounds (or about 15 percent) in hovering thrust at the ssme power, 
a reduction of 20 percent In the minimum value of rotor-shaft power 
required in levei flight, and a decrease of 15 percent in the minimum 
rate of descent of the helicopter in.autorotatlon. In genera, about ' 
half of the improvement was considered to be due to Improved airfoil- 
section contour and surface conditions of the alternate rotor blades 
and most of the other half was considered to be due to the differences 
in twist and solidity. 

Because of the lower solidity of the alternate rotor, tip staJXng 
snd the increase in vibration due to tip stslling were actuslly encountered 
at a lower forward speed than tith the origin& rotor. On the basis of 

. tuft observations and the pilot's comments on the 1imzLting uombinations 
of forward speed snd rotational speed (as set by exceesive vibration and 
loss of control resultingfrom blade stalling), however, it is concluded 

. that, if the two rotors had been built with the same solidity, the 
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forwsrd speed for occurrence of blade-tip stalling would have been about 
15 miles per hour higher for the alternate rotor than for the original 
rotor. The data obtained did not permit a reliable estate of the 
amount of this lmle-per4our gain which should be ascribed to dif- 
ferences in blade twist or the smount which should be attributed to . 
differences in airfoil section. 

Vertical autorotation at rates of descent comparable with those 
previously obtained with positively twisted autogiro blades was measured 
with the negatively twisted test rotor. The measured rate--of descent 
was approximately 5 percent higher than the value predicted from the 
available semiempirioaltheory. 

lXZRODUCTION 

In references 1, 2, and 3, flight measurements of the performance 
of a conventional, single-rotor helicopter equipped with its production 
fabric-covered main-rotor blades are presented. Analysis of the results 
indicated that agreement with theory (to be discussed in the section 
entitled “Comparison of Experiment with Theory")could be obtained only 
by increasing the blad-ection profile-drag values used in the theory 
by about one-third. The need for this increase in profile-drag values 
was attributed to the relatively rough, defomnable surface of the 
original blades, which was expected to result in larger profile-drag 
power losses than those predicted by theory, inamuch as the theory was 
developed to repreeent the profile drag of well-built practical- 
construction sections. Unpublished se&Ion data on wind-tunnel test 
specimens corresponding to the original blades confirmed the need for 
a roughness factor of this magnitude. kitial flight tests of a plywood- 
covered rotor (designated the alternate rotor) also suggested that, with 
blades having smother and more rigid Contour, rotor drawlift ratios 
that agreed with the theoretical values (with no change in the original .- 
profileag assumptions) could be attained. 

It appeared desirable, therefore, .to extend the tests on the 
alternate rotor, inasmuch as the data so obtained would be moTe suitable 
for comparison with theory than the results of the tests on the original 
rotor and inasmuch as the magnitude of improvement indicated was suffi- 
cient to be of notable practical significance. The data were further 
expected to provide a good starting point for systematic testsof the 
effect of rotor parameters such as blade twist. llzle results of the 
extended tests of the alternate rotoq which were conducted in consider 
ation of the foregoing factors, are presented herein. The flight COT+- 
dltions Included hovering, vertical autorotative descents, level flight, 
climb, and%utorotative glides. These results are correlated with 
theory, and the performance gains over the origin& rotor are evaluated. 
The effects of the built-in twist-and the.lower solidity of the alter- 
nate rotor are estimated for the ccmpezison of the performance of the 
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two rotors in order to indicate the amount of the gains which is sue to 
Improved airfoil characteristics. 

SYMBOLS 

W 

b 

R 

r 

C 

‘e 

I . 

cr 

$1 

P 

PO 

V 
I 

vh 

m vv . 

I n 

gross weight'of helicopter, pounds 

nuaiber of blades per rotor 

blade radius, feet 

radial distance to blade element, feet 

blade+ection chord at radius r, feet 

equivalent blade chord, feet 

rotor solidity (bc,/zR) , ' 

average main rotor;blade pitch at the 314 radius, 
uncorrected for play In linkage or for blade twist 
caused by air loads, degrees 

mass density of air, slugs per cubic foot 

mass density of air at sea level under standsrd condi- 
tions, 0.002378 slug per cubic foot 

calibrated airspeed (indicated airspeed corrected for 
instrument installation errors; can be considered 
equal to Vdx herein), miles per hour 

true airspeed of helicopter along flight path, mdles per 
hour 

horizontal ccmponent of true airspeed of helicopter, 
miles per hour 

vertical component of true airspeed of helicopter, feet 
per minute 

rotor ang~Qsr velocity, radiens per second 
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7 

a 

angle of climb 

rotor mgle of attack; angle between projection in plane 
of symmetry of axis of no feathering and line perper+ 
dicular to flight path, positive when axis Is pofnting 
rearward, radians (The axis of no feathering ie defined 
as the axis about which there is no first harmonic 
feathering or cyclic pitch variation.) 

correction to fuselage sngle of attack to allow 
downwash, degrees (assumed equal to 

or rotor 

corrected fuselage angle of attack, degrees 

blade-element angle of attack, measured from 
lift, radians 

line of zero 

"(l.0)(270°) bla.d+element angle of attack at 
at 270' azimth angle, degrees 

tip of retreating blade 

CdO 
L 

D 

T 

& 

%mcor 

CL 

CD 

section profileilrag coeffioient 

rotor lift, pounds 

rotor drag, pounds 

rotor thrust, pounds 

rotowt torque, pound-f-e& 

rotor lift coefficient; 

fuselage w CO8 7 

( ) $ww 

rotor lift coefficient 

rotor drag coefficient 

uncorrected for air loads on 
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M 

2 0 LO . 

D 0 E 
Ot 

0 2 
L 

Orn 

E 
0 II pt 

0 2 L 
Pf 

D 0 EC 

2 0 Li 

0 
2 
Lr 

rotor thrust coefficient 

rotor-shaft torque coefficient 

rotor figure of merit 

included to m&e the 
equal to unity 

the factor 0.707 is 

figure of merit 

rotor profile drelift ratio 

rotor profile drag-lift ratio as calculated from theory 

rotor profile drag-lift ratio as calculated from measured 
quarntities 

parasite-drag contribution of tail rotor divided by main- 
rotor lift 

parasite drag of fuselage, rotor head, and blade shmks, 
awided by main--rotor lift 

drag-lift ratio representing angle of climb, positive in 

Glinib ~m-l&) 

rotor Induoed drelift ratio 

rotor &a&Lift ratio; ratio of equivalent drag of rotor to 

rotor lift 
@lo + c.9-J 
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shsft power parameter, where P is equal to rotor-shaf% 
power divided by velocity along flight path and is 
therefore also equal to drag force that could be ovez- 
acme by the shaft power at flight velocity 

The twisted, plywood-covered rotor (designated the "alternate" rotor 
to distinguish it from the origin&-production rotor) was flown on a 
typical helicopter, a general view of which is shown in figure 1. The 
dimensions and pertfnent characteristics of this helicopter are shown In 
ffgure 2, and a more detailed desoription can be found in reference 1. 
Theplan forms sf the alternate and original blades are shown in figures 3(a) 
ad 3(b). 

The alternate rotor blades had a linear twist of -8O (0.45 beg per ft; 
tip pitch lower than root pitch) and a relatively low solidity (u = 0.042). 
The blades were plywood covered and were designed with a reflexed 
NACA 23015 airfoil section3 the actuel profile differed materially from 
the true section even after all flats and depressions were faired out with 
filler . When the blades were receided for the tests, they were not aero- 
dynsmically~mnooth, because pitting, grain, flat spots, and other lack of 
fairness were noted at numerous points. Also, between the leadlwdge 
abrasion strip and the plywood covering there was a &-&aped furrow 
approximately l/64 to l/32 inch in both width and depth. Prior to the 
initial tests, filler was applied only to the most pronounoed discon- 
tinuities; the U+haped furrow was not completely elIminatsd d-though the 
surfaoewas, ingemmal,made smooth. Limited hovering and forward- 
flight tests were run with the blades in this condition, which Is here- 
after designated "before refinishing." After these Initial tests, 
leadlwdge temple-be for representative stations were used to assist in 
further refinishing and improvement of contour. Although extensive 
filling and sanding were done in a manner to Improve the fit of the 
teaplets and although all flat spots were eliminated, it was not feasible 
to build up the forward part of the rotor blade to a true cm-tour as 
regards shape and maximum thickness. The blades were considered to be 
aerodynamically smooth, however, and were wiped clean of grease, bug 
spatters, and dust before each flight. Some additional hovering data, 
most of the forward-flight data, and all of the autorotation data were 
taken with the blades In this smooth condition. 

INSTP~TLON AIXD MEI!EODS 

The instrumentation and methods employed in measuring rotor per- 
formance have been adequately described in references 1 and 3 and need 
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not be repeated herein. Sane special devices 
zero horizontal airspeeds in the hovering and 
are, however, worthy of mention. 

which were used to insure 
vertical-flight conditions 

Both recorded and visual indications of longitudinal deviations 
from the vertical were obtained in the vertical4escent tests by using a 
standard NACA yaw-vane indicator and recorder; the transmitter was 
mounted on a short boom extending from the left landing wheel axle. (See 
fig. 4.) The attitude of the fuselage during the descent was sllowed for 
in setting the zero position for the IUCA yaw vane. Lateral deviations 
were recorded by a differential-pressure yaw head whioh was mounted 
vertically at the end of the airspeed boom (fig. 5) and which was COP 
netted to an NACA pressure recorder. A wool tuft on the end of the 
airspeed boom provided a vfsual indication of the lateral flow direction 
as did also the ewivelling airspeed heads. - 

35~ addition to the equipment employed in vertical descent, forward 
motion during hovering was avoided with-the aid of a pith4all indicator 
in the cockpit, which was oonnected to a double-end pitot head and whioh 
responded to forward and backwsrd velocities of approximately 2 or 3 miles 
per hour. A general view of the cockpit instrumentation, which includes 
the pith-ball indicator (indicated by anarrowk is shown in figure 6. 

. 
REDUCTION OF DATA 

The methods of reducing the data obtained in various flight oondi- 
tions are either apparent by definition or have been explained in refer 
ences 1 and 3. It is well, however, to review briefly the manner in 
which the coefficients that are used in presenting the forward-flight 
and vertical-descent data are calculated. 

Rotor drag-lift ratio 
0 !z, was calculated for the forward-flight 

condition from the general performance equation expressed in coefficient 
form as 

For each data point, values of E, 

. determined from measured data. The quantity which represents the 
total equivalent helicopter drag, was oalculate~ from recorded sheft- 
torque values and values of rotor rotational speed,whereas the psrasite 

- drag-lift ratio of the fuselage 
0 Lp was calculated from full-scale 

pf 
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wind-tunnel tests (reference 4) of the fuselage snd airspeed boom of the 
test helioopter. The perasite-drag coefficients used sre given in 
figure 7 of reference 1. The tail-rotor parasite drag-lift ratios, 
which are quite small, were obtained by use of the knam. fixed tail- 
rotor shsft angle and the measured tailqotor shaft horsepower by the 

method of reference 1. Values of E , 
0 

which represent the tangent 

of the angle of climb, were determinedcfrcm the airspeed end the rate of 

climb; in glides, the quantity B 
0 

is negative. The rotor lift L 
LC 

was calculated by multiplying the helicopter gt?oss weight by the oosine 
of the climb or glide angle and subtraoting the fuselage lift. Rotor 
thrust was assumed equal to the rotor lift in level flight and equal. to 
the rotor lift divided by the oosine of the rotor angle of attack in 
climbs and glides, at whi.ch the rotor angle of attack becomes relatively 
lszge . 

The measured rotor profile drelift ratio 
0 

f was obtained 

Orn by subtracting an induced drelift ratio assumed equal to $j from ($. - 

. 
The rotor drag coefficient in vertical autorotative descent was 

obtained from the known gross weight of the helicopter, the measured rate 
of descent, and the air temperature and pressure by the following formula: 

Profile-drag assumptions.- Cane studies of the significance of 
blade-surfaoe condition in relation to the perfomoe of a rotor ere 
given in references2 and 3. These references also show that ac-ourate 
section chsracteristics of practioal-oonstruction sections of the rotor 
sre required for precise ccs~~~isons between theoretical and measured 
rotor performance. The theory described in references 5 and 6, whioh 
is used for most of the ccmparisons presented herein, is based on a 
profile-drag polar which is representative of well-built~lywood-covered 
blades and which has a minImum profile-drag coefficient of 0.0084. 
Section data are lacking for the alternate rotor but an experImental 
check of the minTmum drag coefficient was obtained by running the rotor 
at a series of pitch sett-lngs neer zero degrees with the helicopter on 
the ground. The results yielded a minimum profile-drag torque ooeffi- 
cient equal to 0.000038, which was computed as the difference between 
the measured torque coefficient and the small calculated induced value. 
The equivalent minimum profile-drapl coefficient was then calculated 
as 0.008. Agreement between the theoretical drag polo (inVOlVhg 



I NACA TN No. 1595 9 

three terms) assumed in the forward-flight anslysis and the actual drag 
polar thus apzesrs to exist in the low-anglwf-Ebttack region, and it is 
reasonable to assume that the agreement will be fair up to the actual 
stalling angle of attack inasmuch as the theoretical drag polar was based 
on measured characteristics of similar sections. The stallingan&e of 
attack is likely to be materially less than that shown by wind-tunnel 
tests of polished, accuratelyauilt NMA 23Gseries airfoil test specimens. 

Hovering.- Theoretical hover- perfor?nance was computed with the 
aid of figure 15 of reference 7 and has already been presented and dis- 
cussed in reference 2. This psrticular theoretical treatment (given in 
reference 7) was selected because of its general availability. Although 
some empirical adjustment is involved, this treatment essentislly 
represents the commonly used vortex theory with nonuniform inflow and 
with a profile-drag polsr, which for the resent tests results in an 

$ equivalent drag coefficient of about 0.01 . The use of the relatively 
high prqfile-drag coefficient of 0.014 may be considered to t&e the 
place of the inclusion of tip losses and rotational losses, which sre 
not otherwise included. 

- 

. 

Forward flight.- Theoretical performance for level--flight, olimb, 
and glide conditions was computed from reference 6 for the test rotor 
and included the effect of the -8' twist present but otherwise used the 
ssme assumptions and methods described in reference 5 for untwisted blade 
The charts of reference 5 were used in computing the theoretical per 
formsnce of the original rotor with untwisted blades. 

Vertical powez-off descent.- The theory used for calculating rates 
of descent in the vertical power-off flight condition is semiempiriosl, 
being baaed on the theoretical rotor equations of reference 6 (which 
utilize the same profile-drag polar on which the forward+f'li&t per- 
formance charts are based) and the experimental curves first presented 
in reference 8. The data of reference 8 were applied in the manner 
described in reference 9. The experimental curves give the relation 
between the total flow through the disk of a rotor in vertioal descent 
and the velocity of descent. In the absence of similsr experimental 
curves for twisted blades, the theory for straight blades was applied 
to the test rotor, the blades of which have -8O twist. 

Comparison of Experiment with Theory 

c 
Hovering.- Hovering data obtained at altitude with the alternate 

rotor sre tabulated in table I and are compared tith.theory and with 
data obtained before the blades were refinished in figure 7. The data 
obtained before refinishing were first reported in reference 2. 
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Figure 7 shows that the present data extend the earlfer data to 
higher thrust coefficients and that no difference due to refinishing is 
dfscerpable. The improvement in contour brought-about by the refinishing 
process presumably was not sufficient to increase materislly the extent 
of the lsminsz flow. The figure also shows that the alternate rotor 
produced 83 percent of the thrust that could be obtained with an "ideal" 
rotor (that is, 
~4d. 

a rotor producing un!.form inflow and having zero profile 
The agreement of the measured performance with calculated per- 

formance is indicated to be within a few percent. 

Level flight.- Testdata for level-flight, climb, end autorotativh 
glide conditLons are presented in table II, and values of main+rotor 
drwlift ratios and other parameters derived from these data are given 
in table III. The results of the level-flight performance of the 
alternate rotor are am ized in figure 8, which shows the mainrotor 
drag-lift ratios both before and after refinfshing plotted against the 
tipspeed ratio ~1. The measured data are grouped according to thrust .. 
coefficients, snd because losses due to stalling were anticipated, all 
points having a calculated angle of attack at the tip of the retreating 
blade greater than 12o_ar.&dicated by flagged points. Although no 
blade-section stall+ngle data were available for the test rotor, tuft 
observations on the rotor and also an analysis of rotor profile-drag- 
loss data as a function of tip angle (reference 10) resulted in the 
choice of 12' as the staU1n.g angle. The measured rotor performance is 
compared in figure 8 with a single theoretical curve.representative of 
the average thrust coefficient at which the data were taken. The figure 
shows agreement-within a f?ew percent between the theory and the 
unstalled points. The discrepancy between the theory, which intentionally 
omits rmy allowance for stalling, and the data for the stalled conditions 
becomes greater as the stalling increases at the higher tip-speed ratios 
and thrust coefficients. 

As was true for the hovering measurements, no difference is 
discernable (within the scatter shown) between the comparison with theory 
obtained before refinishing and that obtained sfter refinishing. (See 
figs,. 8(a) and .8(b ).) The data obtained after refinishing are more 
extensive and show less scatter in the unstalled conditions. Z&mm oon- 
siderations of the improved technique used in obtaining these data 
they are further considered to be more reliable, particularly as regards 
the magnitude of the losses due to stalling. For these reasons, the 
data obtained before refinishing are omitted in the more exacting 
analysis that follows. 

The data obtained after refinishing have previously been analyzed 
in reference 10 by plotting the ratio of measured values of draclfft 

ratios 2 
0 IL Orn 

to theoreticalvalues E 
0 

against calculated tip sngle, 
Ot 

in order to separate more clearly the effects of stalling from the effects 
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of thrust coefficient and tip-speed ratio anticipated without stalling. 
This plot is reproduced in figure 9 and indicates excellent agreement 
with theory below the stalling angle. The airfoil polez assumed in the 
perfomance charts appears to predict correctly the profile drag 
chsraoteristics of the actual airfoil up to the stall under the dyne&o 
conditions encountered in rotor operation. 

Figure 9 also indicates that the theory (with no allowance for 
stalling) underestimates the rotor profile-drag losses for conditions 
resulting in calculated tip angles of attack above the stall, the 
discrepancy increasing in approximately a linear manner with the tip 
We. A value of 2 is shown for the ratio of measured to theoretical 
profile dr~lift ratio when the tip angle is approximately 4' above the 
tip-section stalling value. The results for a calculated tip angle 4' 
above the angle at which stalling first occurred are significant in that 
this angle corresponds to the point at which,in the opinion of the pilot, 
excessive vibration and control difficulties constitute a 1Fmit of 
operation. 

CliRibs.- The measured climb data and derived parsmeters are 
presented in tables II and III. Because of the limited amount of data 
obtained in this condition and the different thrust coefficients at 
which they were acquired, it was not feasible to present the results in 
the form of a rate of climb against ocity plot or its equivalent. 
katead, the ratio of experimental to that calculated from theory 

was computed and veJ.ues of the In figure 9, in which the 
agreement be%zxeen theory and experiment as a function of calculated tip 
angle of attack is shown. 

Figure 9 indicates that, within the experimental scatter, the 
conolusions to be dram from the climb data are the same as those for 
the level--flight runs. Fair agreement is shown between theory and the 
data taken in the unstslled condition; the theory (with no allowance for 
stslllng) increasingly underestWs,tes the power expended in proffle &ag 
as the tip angle exceeds the blade-section stalling angle. 

Autorotative glides.- The measured and calculated perfommces of 
the alternate rotor in the autorotativegllde condition, in addition to 
being listed in tables II and III, are shown in figure 10 in terms of 
the rotor drelift ratio and the tineed ratio. The data are 
grouped according to thrust coefficients, and again a single theoretical 
curve is drawn representing the average thrust coefficient at which the 
data were t&ken (0.0049). It cm be seen that the theory correctly 
predicts the performance of the twisted helicopter rotor in autorotation, 
because the calculated performance serves as a good fairlng for the 
measured data. c 

Rotor drag coefficients obtained in vertical autorotative descent 
are compared in figure 11 with the semiempirical theory representing 
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blades having solidites of 0.10 and 0.04. The vertical scale represents 
the rotor drsg coefficient, which is a measure of the efficiency of the 
rotor in vertical descent~in that higher values of the coefficients 
correspond to lower rates of descent. Blade pitch angles are plotted. 
horizontally. The measured coefficients obtained with the &L-tern&e rotor 
show an average deviation from the predicted values of approximately 
10 percent or 5 percent in the rate of descent. The-vertical scatter 
shown by the test points does not allow any conclusions to be drawn 
about the rate of change of Cp with em. Although the gross agreement 
is fair, a greater amount of experimental data is desirable before more 
precise conclusionscsn be drawn as to the accuracy of the predicted 
performance in this condition. 

From the data given in figure 11, a vertical rate of descent of 
about 2400 feet per minute at sea level-was calculated for the test 
hslicopter equipped with the alternate rotor ata gross weight of 
2650 POUIXIS. Ffgure 11 also includes for comparison a value repre- 
senting vertical-descent data obtained on the Pitcafrn PCA4 autogiro 
and first reported in reference EL. The figure showsthatthe measured 
coefficients for the helicopter equipped with the alternate rotor and 
for the PCA-2 autogko differ by less than the experimental error. The 
agreement is significant in that-it indicates that vertical autorotation 
at rates of descent comparable with those obtained with positively 
twisted autogiro blades is possible with negatively twisted blades. 

Comparison of Origin&L- and Alternate43otor Performance 

Hovering.- A comparison of the hovering performance of the original 
rotor, obtained from reference 2, with that of the alternate rotor is 
presented in figure 12(a). The comparison efforded by the figure, when 
interpreted in terms of 1iftIn.g abilfty, indicat s that at normal take- 
off rotor speed and full throttle (2250 rpm, 293 = CQ 0.0043) the alternate 
rotor could produce about 330 pounds more thrust-han the original rotor. 
A detailed discussion of the source of this difference is contained in . 
reference 2, which attributes almost one-half of the difference to the 
lower drag of-the smoother and more rigid surfaces of the alternate 
rotor. Moat of the other half of the difference was ascribed to the 
higher blade loadings obtained with the lqer solidity of the alternate 
rotor. 

Figure 12(b) ahows the seme results plotted as rotorfIgure of merit 
agafnst CT/a. The m&mum figure of merit reached in the tests is ssen 
‘to be 0.66 for the original rotor and 0.76 for the alternate rotor. 
Although plotting again& C /a provides a comparison at equal mean lift 
coefficienta, it does not al ogether elimute the primary and readily if 
predictable effects of solidity. The reason for this conclusion is that: 
the lows-olidity rotor must .operate at a higher 
the same thrust at-the-same value of CT/b. 

tip speed to provide 
This increased tip speed acts 
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to increase the profile-drag power losses. By use of the treatment of 
reference 7, the value of figure of merit of 0.76 obtained for the 
alternate rotor would appear to be increased to about 0.79 if its 
solidity were increased to that of the original rotor. 

Level flight.- A comperison of the performance of the original and 
alternate rotors in the level-flight condition is presented in nor+ 
dimensional form in figure 13(a). The performance of each of the rotors 
is shown at an average C, = 0.0046 and was obtained by fairing the 
measured data having approximately the same Cf. The measured data for 
the original rotor were taken from reference 1. Conditions involving 
stalling on the outer part of the retreating blades sre indicated by 
dashed lines in the figure. The performance of both rotors is shown in 
the familiar form of shaft power plotted against s eed in figure 13(b). 
The curves were obtained from faired curves of P /e plotted against 

and represent sea-level performance at an average gross~weight of 
&5 pounds . 

Figure 13(b) shows that the alternate rotor required 80 horsepower 
at a speed of 40 miles per hour, which is the speed for minimum power. 
This power value represents a 204lorsepower (or 2C-percent) saving from 
the power required by the original rotor at the same speed. Theoretical 
considerations indicate that a saving of approximately 5 to 10 horsepower 
may be attributed to the blade twist and the lower solidity of the 
alternate rotor, whereas its emoother and more rigid surface is con- 
sidered to account for most of the remaining 15 to 10 horsepower. In 
the high-speed condition, the difference in power required by the two 
rotors is reduced to approximately 10 horsepower. The smaller power 
difference at high speed is attributed to earlier blade stalling on the 
alternate rotor, as indicated by the dashed lines. 

Level-flight stalling limitations.- The earlier blade stalling 
Just mentioned may seem paradoxical at first glance since the difference . 
in both twist and airfoil section would be expected to delay the stalling 
for the alternate rotor. The lower solidity, however, by increasing the 
mean blade--section angle of attack, tends to produce earlier stalling. 
In order to separate these effects as far as possible and to give the 
results greater generality, the comparison was studied by use of the 
cticulated angle of attack of the retreating tip as a stalling criterion. 
The tip-angl~f~ttack computations of reference 5 for untwisted blades 
together with corresponding computatfollls (based on reference 6) for 
twisted blades were used for this purpose. Both tuft observations (refer- 
ence 10) and the pilot's canrments on limiting conditions of operation 
(as set by excessive vibration and loss of control) showed that the 
same tip-sngle-of-attack criterions were applicable for the alternate 
rotor as were reported for the original rotor in reference 12, that is, 
12O for initial stalling snd 16O for the limiting conditions. 

InaEarmch as the theory used credits the -8O twist with reducing the 
tip angle of attack at any given combination of p and CT/a by about 
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21” 2 , more extreme combinations of p and CT/b are actually possible 
without stall for the twisted rotor if the same time*f+,ttack 
criterion is found to apply to both the twisted and untwisted rotors. 
If the solidity of the alte~te (twisted) rotor is assumed to be raised 
to equal that .of the original rotor (u = 0.06), then, in order to get 
the same calculated tip angle of attack at the same CT/U, p must be 
increased by about 0.05. This increase in I-I corresponds to sn increase 
in speed of about15 miles per hour. 

Examination of the problem thus indicates that if the two rotors 
had been built with the same solidity the effects of stalling would 
have occurred at a speed about 15 miles per hour higher for the alternate 
rotor than for the original rotor instead of -occurring earlier as was 
actually the case. 

The theory used assumes the inflow velocity to be uniform over the 
rotor disk both with and without twist, and hence the velocity Is unchanged 
by twist; whereas some appreciable readjustment must-be expected to take 
place at the relatively low speeds covered in the present tests. Further, 
the use of the tip angle as an index does not allow for the difference in 
shape of the stalled regions, which might become a significant factor by 
the time the operating limitation is reached. A part of the 15+nile~er- 
hour gain just discussed, therefore, may quite possibly have been due to 
a higher section stalling angle in spite of the identicti values of 
calculated tip angle. The data obtained are not adequate for analysis 
of this point. 

Autorotative glides.- Because of the limited amount of autorotation 
data obtained with each rotor, it was not feasible to compare the 
pe$formance of each by fairing the measured data. It has been shown in 
reference 3 for the originsl rotor and herein for the alternate rotor 
that theory adequately @redictii the behavior of each rotor in auto- 
rotative glides. The theoretical performancesof the original and alter- 
nate rotors are therefore compared in figure 14 at an average value of 
c!rf = 0.0049. The performance of the original rotor was computed (refer 
ence 3) with a 28-percent Increase in the section-profile drag-lift 
ratios to allow for the poor surface condition of the original rotor. 

At the tip-speed ratio for the minimum rate of descent figure 14 
shows a difference equal to O.Ob5 in draelift ratio between the two 
rotors. This differende corresponds to 160 feet-per minute or approxi- 
mately a 15-percent decrease from the 1080 feet per minute measured with 
the original rotor, when the helicopter was gliding at apyroximately 
40 miles per hour at standard sea-level conditions and at a gross weight 
of 2565 potids. Theory (references 5 and 6) indicates that approximately 
one-half the decrease in rate ofdescent is due to the beneficial effects 
of the twist and solidity of the alternate rotor (the lowersolidity 
results in improved efficiency in this case when operating at fixed rotor 
-,ip spead) and that moat of the remaining gains are due to improved 
3z.rfacti condition. 
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CONCLUSIONS 

Flight-performance measurements were made with the test helicopter 
equipped with a twisted, plywood-covered rotor (designated the "alternate" 
rotor 1. A comparison of the results of these tests with theoretical 
results already published by the National Advisory Colmnittee for Aero- 
nautics and with results of measurements made tith an untwisted fabric- 
covered rotor (designated the "original" rotor) indicates the following 
conclusions: . - 

1. Both the hovering and the forward-flight performances of the 
alternate rotor were within a few percent of the values predicted by 
existing theory without any increase in the profileag characteristics 
originally assumed in the theory, provided that blade-section stalling _ 
was not present. 

2. Th$ alternate rotor, as compared with the original rotor, showed 
large improvements in perf ormance in all flight conditions for which a 
compsrison was obtained, that is, hovering, level flight, and autorotative 
glides. These Improvements included an increase of more than 300 pounds 
(or about 15 percent) in hovering thrust at the same power, a reduction 
of 20 percent in the minimum value of rotor-&&t power required in 
level flight, and a decrease of 15 percent in the minimum rate of descent 
of the helicopter in autorotation. In general, about hslf of the 
improvement was considered to be due to improved airfoil--section cm 
tour and surface condition of the alternate rotor blades and most of 
the other half was considered to be due to the differences-in twist and 
solidity. 

3. Because of the lower solidity of the alternate rotor, tip stalling 
snd the increase in vibration due to tip atsUing were actually encountered 
at a lower forward speed than with the original rotor. On the basis of . 
tuft observations and the pilot*8 comments on the limiting combinations 
of forward speed and rotational speed (as set by excessive vibration and 
loss of control resulting from blade stalling), however,'it is concluded 
that if the two rotors had been built with the same solidity the forward 
speed for occurrence of blade-tip stalling would have been about 15 miles 
per hour higher for the alternate rotor than for the original rotor. 
The data obtained did not permit a reliable estimate as to the amount of 
this lmle-per4our gain which should be ascribed to differences in 
blade twist or the amount which should be attributed to differences in 
airfoil section. 

4. Vertical autorotation at rates of descent comparable with those 
previously obtained with positively twisted autogiro blades was measured 
with negatively twisted blades. The measured rate of descent obtained. 
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with the negatively twisted test rotor was approximately f5'peroent higher 
than the value predioted from the available semiempirical theory. 

Langley Memorial Aeronautical Laboratory 
National Advisory Comittee for Aeronautics 

Langley Field, Va. December 19, 1947 
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Figure l.- Generalview of test helicopter equippedwith the 

original-production rotor. 
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U&n rotor: 
hdiuB; it . . . . . . . . . . . . . . 19 

Die?& area, sq ft . . . . . . . . . . . 1134.1 

mti0 Or rObAtiOtIBl Bp0ed t0 eI@.IIe 

weed . . . . . . . . . . . . . . . . 0.107 
. 

Tall rotor: 
RadiuB, ft . . . . . . . . 
Blade area (3 blsdes), sq ii : 1 1 1 : 

3.96 

DlBk 81‘tX, Bq ft . . . . . , 
492 

Flatlo 0r rotatIona. speed to $.&e* ’ 
49.2 

speed . . . . . . . . . . . . . . . 0.567 

Center line 0r main rotor to center 
line 0r tall rotor, rt . . . . . . . . 25.19 

Parasite-drag area, sq rt . . . . . . , 22.92 

Rate& horeepower . . . . . . . . . . . . 180 

Figure 2.- Dimensions and characteristics of test helicopter. (All dimensions are 
in inches.) 
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Ori@ blade 

Alternate blade 

(a) General views. 

Mgure 3.- General views illustrating surface condition and sketches giving plan-form 
dimensions of or&inal. and alternate main-rotor blades. 
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NACA 23015 airfoil section 

228 I 
Alternate blade 
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(b) Dimensional views. (All dimensions are in inches.) v 

Rguxe 3.- Concluded. 
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Figure 4.- Yaw vane and transmitter used to indicate and record deviations from zero 
longitudhal airspeed in vertical descent. 
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Figure EL- Detail of airspeed head, showing vertical yaw fork used to record deviation 
from zero lateral airspeed in vertical descent. 
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Mgure 6.- General view of cockpit indicating instruments. (Arrow shows pith-ball indicator.) 
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Figure 7.- Comparison of experimental hovering performance of alternate rotor with theory. c 
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(a) Before reiinishing. 
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(b) After refinishing. 

Figure 8.- Comparison of level-flight performan ce of alternate rotor with theory. (Flagged 
points represent conditions for which the calculated tip angle of attack of the retreating 
blade is greater than 12O.) 
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Figure 9.- Effect of blade stalling on the com&rison between measured and calculated 
performance in level flight and in climb for the alternate rotor. 

Y 



./ 

0 
0 .04 .a53 ./2 ./6 -24 .28 

g 
7/p -speed m+m,~ 

F 
ki 
Ef 

Figure lO.- Comparison of experimental autorotative-glide performance of alternate rotor c 
with theory. : 
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Figure ll,- Comparison of vertical autorotative performance of 
alternate rotor with the semiempirical theory for untwisted 
blades. 
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(3) Rotor figure of merit M against CT/U . 

Figure 12.- Comparison of hovering performance of originai+roc&ion rotor and the 
I alternate test rotor. 
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(a) General rotor performance. 
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(b) Sea-level performance, W = 2565 pounds. 
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Figure 13.- Comparison of level-flight performance of test helicopter with the original- 
production rotor and with the alternate rotor. Average CT = 0.0046. 
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Figure 14.- Comparison of the autorotative-glide performance of the or&i&-production rotor 
and the alternate test rotor. Average CT = 0.0049. 
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